Mice tolerized (treated to make them toler- 
geneic skin graft have approximately the same numbers of total and activated lymphocytes as normal mice. The high level of lymphocyte activation in tolerant mice persists for up to 1 year of age, although it declines with age, and is markedly increased by a secondary aflograft. The magnitudes of both primary and secondary tolerant responses are significantly higher than the immunological response of a normal mouse rejecting the same type of aliograft. These observations contradict concepts of clonal deletion or anergy as the basis of neonatally induced transplantation tolerance and may contribute additional approaches to experimentation and control of transplantation reactions.
Given that self-tolerance is ontogenically learned (1), the original observations on neonatally induced transplantation tolerance (2) have generally been interpreted according to Burnet's postulates of specific deletion ofautoreactive clones (3) . Later, evidence for active suppression of persistent alloreactive lymphocytes in tolerant animals (4-6) has provided an alternative, yet clonal, interpretation of tolerance.
Clonal deletion, achieved by elimination of specific cells (7) (8) (9) , or clonal anergy after down-regulation of molecules that are necessary for the functional performance of tolerant cells (10) has been reported and suggested to represent the prototype mechanism of natural self-tolerance. Clearly, however, induced tolerance, even if neonatal, might follow different rules, particularly because the above processes are believed to occur intrathymically whereas neonatal transplantation tolerance is likely to be achieved in the periphery.
For experimental systems that aim at intervening in organ transplantation, the latter type of tolerance is critical. We report here that adult mice tolerized (treated to make them tolerant) at birth to transplantation antigens maintain a high level of immune activity (involving both host and donor lymphocytes) that strictly correlates with the acceptance of an allogeneic skin graft. This observation of hyperactivity in tolerant immune systems is less compatible with theories of clonal anergy or suppression, even if suppression is seen as a dynamic state (11) , than with models considering a positive definition of self, where tolerance shares many of the cellular characteristics associated with immunity.
MATERIALS AND METHODS
Mice. CBA/Ca, CBA/J, and C57BL/6J mice were bred in the animal facilities of the Institut Pasteur, Paris.
Antibodies. The following monoclonal antibodies were used: anti-I-Ab B17-263 (12), anti-Kb 28-13.3S (13) anti-L3T4 (mouse CD4) H129-19.69 (14) , anti-Lyt-2 (mouse CD8) 53-6.72 (15) , and anti-rat K MARK.1 (16) . All antibodies were purified from culture supernatants or from ascites fluid by DEAE-cellulose chromatography (Servacell, Serva, Heidelberg) or by affinity chromatography on protein A-Sepharose CL-4B (Pharmacia). Sheep anti-mouse total immunoglobulin IgGs were affinity-purified on Sepharose-coupled mouse IgG. Rabbit anti-mouse u chain antibodies were raised by immunization with the myeloma protein MOPC-104-E (,u and A chain) and affinity-purified on Sepharose-coupled myeloma protein TEPC-183 (A and K chain).
Induction of Neonatal Tolerance. CBA/Ca or CBA/J mice were injected intravenously within 24 hr of birth with 20-25 x 106 spleen cells from adult (C57BL/6/J x CBA/Ca)F1 or (C57BL/6J x CBA/J)F1 mice. At 2 months of age, groups of animals were grafted simultaneously with syngeneic (CBA/ Ca or CBA/J) and allogeneic (C57BL/6J) skin. About 80-85% of the mice accepted both grafts and were considered tolerant; they will be termed TA (tolerized, graft accepted). The animals that rejected the allogeneic skin graft were considered nontolerant and will be termed TR (tolerized, graft rejected). Groups of four to six animals were sacrificed 2 or 5 weeks after the graft. A group oftolerant mice was kept for 8 months and challenged with a secondary allograft.
Immunofluorescence. All monoclonal antibodies were coupled with biotin (17) and detected with fluorescein isothiocyanate (FITC)-labeled avidin (Sigma). Anti-total immunoglobulins and anti-s antibodies were directly labeled with FITC as described (18) . For double-staining experiments, biotin-labeled anti-Kb antibodies were detected with R-PE-streptavidin (Becton Dickinson). Anti-CD4 and anti-CD8 antibodies were either directly labeled with FITC or used unlabeled and detected by FITC-coupled mouse anti-rat K antibody MARK.1 (16) . Spleen cell suspensions were stained on ice as described (18) . Propidium iodide (5 I&g/ml) was added to the cell suspensions prior to analysis to exclude dead cells.
Flow Cytometry. Stained cell suspensions were analyzed with the flow cytometers FACS analyzer I or FACScan (Becton Dickinson) for frequency of cells positive for the various markers. Then each population was gated and analyzed for either volume distribution or forward light scatter to assess the frequency of activated cells. Total numbers of activated cells were calculated on the basis of the flow cytometry data and of the total number of spleen cells.
Assay for Immunoglobulin-Secreting Cells. Immunoglobulin-secreting cells were detected as plaque-forming cells (PFC) in the protein A plaque assay (19) , using class-specific rabbit antibodies produced and tested as described (20) .
Abbreviations: FITC, fluorescein isothiocyanate; PFC, plaqueforming cell; MHC, major histocompatibility complex.
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RESULTS
Tolerant Mice Contain Very High Numbers of Activated Lymphocytes in Their Spleens. Fig. 1 shows the numbers of total and activated cells in the spleens of four to six mice in each experimental group. Neonatally tolerized mice, tested at 2-3 months of age, before any skin graft showed splenomegaly resulting from 3-to 4-fold higher numbers of lymphoid cells in the spleen. This was also true for tolerized animals accepting the allogeneic skin graft. The number of activated blast cells in the spleens of animals in these two groups was also higher, reaching values 5-to 10-fold higher than in controls (either nonmanipulated or accepting a syngeneic skin graft). It is thus clear that splenic lymphocyte activation precedes grafting. Interestingly, although normal mice that rejected an allogeneic graft also showed increased splenic lymphoid activity (normal/allogeneic skin), this response was transient and quantitatively less marked than the response of tolerant animals that accepted their grafts.
Some of the neonatally tolerized mice (-20%) rejected the allogeneic graft. Analysis of these animals revealed surprisingly low splenic lymphoid activity, comparable to that of untreated control animals or ofanimals accepting a syngeneic graft. They thus differed from both tolerant mice and normal mice responding to a primary allogeneic graft. As shown below, their lymphoid activity resembles that of normal primed animals after a second specific challenge.
We conclude, therefore, that acceptance of allogeneic tissues by tolerant individuals is associated with a high level of lymphoid activity, even higher than that required for rejection in normal mice.
Lymphocyte Hyperactivity in Tolerant Animals Involves B, CD4+, and CD8+ Cells. Spleen cells from the same groups of animals were analyzed for activation of each major lymphocyte class, namely immunoglobulin-positive, CD4', and CD8' cells. As shown in Fig. 2 cyte subsets are also activated in normal animals rejecting an allograft. Interestingly, some qualitative differences exist between tolerant and normal mice challenged with an allograft at 2 weeks (compare bars 2 and 8, respectively, in Fig. 2), since proportionally more B cells were activated in the former resulting in a higher B/T-cell ratio (3.4 vs. 2.4).
The hyperactivity of lymphocytes is not limited to blast transformation and it includes greatly enhanced effector activities. Thus, the number of splenic immunoglobulinsecreting PFCs in these animals was severalfold higher than in controls (Table 1) . Since the isotypic pattern of the PFC response in tolerized animals was clearly T-cell dependent, many of the CD4' blasts must also be effector cells. Once again, nontolerant mice were different from both normal and tolerant animals in their response to a primary graft, as they hardly differed from normal unmanipulated controls.
Lymphocyte Hyperactivity in Tolerant Animals Involves Both Host and Donor Lymphocytes. Previous observations in this experimental system have led to the proposal that chimerism (i.e., persistence of donor "tolerogenic" cells) is required to maintain the state of tolerance (21) . In view of the present observations relating lymphocyte hyperactivity to tolerance, we investigated both the chimerism and the state of activation of donor cells in the two groups of animals tolerized at birth and accepting or rejecting the skin allograft. As shown in Table 2 , donor cells were detected in both nontolerant and tolerant mice, although the frequency was 2-3 times lower in the nontolerant group than in the tolerant group. In addition, there was a >10-fold difference in the total numbers of activated chimeric (and host) cells between tolerant and nontolerant individuals (Fig. 3) . The analysis of B and T cells in the donor population shows that tolerant mice contain proportionally more B and CD4' cells than nontolerant mice. Furthermore, the comparison of the state of activation of B, CD4', and CD8' in the host and donor compartment (Table 3 ) provides further indications that major differences between tolerant and nontolerant immune systems are found at the level of activation of all three lymphocyte classes of donor origin.
Lymphocyte Activity in Tolerant Animals Shows Anamnestic Recall After a Second Graft. The results above indicate that tolerance is a pathway of immune responsiveness that may share other characteristics, such as memory, with conventional immunity leading to the elimination of the antigen. We assessed this possibility in tolerant or normal mice that had, respectively, accepted or rejected a first graft 8 months before by rechallenging with a second specific allograft. The lymphocyte activity in the spleens of these animals was analyzed as above (Fig. 4) . At 8 months, the spleens of tolerant primed mice before a second graft contained roughly twice as many activated B and T cells as normal primed animals, simply because of the larger spleens of tolerant mice; the frequency of activated cells was the same in tolerant and normal primed mice. The animals in this set of experiments were considerably older than those analyzed above (10-12 months vs. 10-12 weeks) and the controls showed the typical age-related increase in lymphocyte activity and change of PFC isotype distribution. Two weeks after a secondary graft, a clear anamnestic tolerant response was observed-a marked increase in the numbers of activated B, CD4+, and CD8+ lymphocytes (Fig. 4) and PFCs ( by Simpson et al. (23) . In fact, it is not progressive but rather declines with age (the spleen of an old tolerant mouse is only twice the size of an age-matched control), is independent of lymph node enlargement, and is accompanied by persistent chimerism and by acceptance of allogeneic skin grafts; whereas host vs. graft reaction results in loss of chimerism and graft rejection (23) .
The increased spleen size is a consequence of the extensive activation of all lymphocyte subsets, resulting in as much as a 10-fold increase in absolute numbers of blasts compared to normal controls. The magnitude of a tolerant immune response is even greater than that of a conventional immune response to the same challenge-i.e., graft rejection by normal mice. The two pathways are also distinguishable by a relatively higher CD8' T-cell involvement in normal mice rejecting a graft and conversely by an increase in CD4' T-cell Table 2 . *Only one mouse, having the highest number of donor cells, was tested for this parameter.
such as an anamnestic enhanced secondary response. Other similarities include affinity thresholds (24) and restriction (25) .
The exuberant lymphoid activity of neonatally tolerized mice, rather than chimerism per se, correlates with the tolerant state as measured by the acceptance of the skin allograft. In fact, mice that were tolerized at birth with the same number of semiallogeneic cells but that rejected the skin graft have numbers of total and activated splenic lymphocyte close to those of normal mice. The activation level in these animals resembles that of normal mice rejecting a secondary graft, suggesting a priming effect of the semiallogeneic cells on the neonatal immune system, along the pathway of immunity.
Although chimerism appears necessary for the maintenance of neonatal transplantation tolerance (21) , certainly it is not sufficient, since we could detect donor cells also in nontolerant hosts. Rather, the major differences between tolerant and nontolerant mice were the absolute numbers of activated donor cells and their subset distribution. While in tolerant mice donor cells have a CD4'/CD8' cell ratio close to that found in normal spleen (-2.0), in nontolerant animals the ratio drops to -0.7. The most striking difference was seen in the survival of donor B cells in tolerant and nontolerant hosts, so that the B/T-cell ratio in the latter is 10 times lower than in the former. It appears, therefore, that the quality and functionality of donor cells rather than their numbers (and thus antigenicity) is relevant for tolerance, as suggested by experiments in rats (26) . That such cells had to be activated was also indicated by the experiments of Silobrcic (27) . Although the numbers of donor cells were considerably higher in tolerant than in nontolerant mice, most of the splenomegaly of tolerant animals was accounted for by host lymphocytes. The proportion of activated cells was not strikingly different in the two experimental groups; still tolerant mice had up to 4 times more activated cells than nontolerant and normal animals and had similarly higher numbers of immunoglobulin-secreting cells. A proportion of these are of donor origin, since immunoglobulins of donor allotype (Igb) were present at considerable levels in the serum of tolerant mice (data not shown).
Our results suggest that the state of tolerance correlates with the global activity in the immune system, of which both host and donor cells participate. As suggested by the presence of tolerogen-specific CD4' lymphocytes in class II tolerant mice (28) and by syngeneic mixed lymphocyte reactions (29) , natural or induced tolerance does not require (absolute) clonal deletion of(self) MHC class II reactive cells. In the amphibian system in addition to mixed lymphocyte reactions (30); anti-MHC antibodies are also present in tolerant animals (M. F. Flajnik and L. Du Pasquier, personal communication). Anti-idiotypic specificities to the autoreactive receptors have been proposed to provide suppressive Only one mouse per group was tested.
Immunology: Bandeira et A circuits necessary for the maintenance of tolerance (31) . In any event, however, tolerance is far from being a suppressed state.
As an alternative to clonal inactivation, transplantation tolerance and immunity may differ by the nature of effector functions of activated cells. Different CD4' effector types (inflammatory vs. helper cells) (32) might be induced in the two situations and participate in establishing the same kind of dichotomy (suppression vs. cytotoxicity) in the CD8' population. Interestingly, suppression in transferable transplantation tolerance is mediated by a CD4' cell (11). Selftolerance in normal individuals is likely to be, at least in part, achieved by similar mechanisms. Thus, normal and antigenfree mice contain high numbers of activated B and T cells (33, 34) . Importantly, CD8' blasts isolated from normal mice are efficient suppressors of B-cell response but lack cytotoxic ability, while helper cells but not inflammatory CD4' cells are naturally activated. Differential expression of effector functions, in turn, is not necessarily a genetic property of a lymphocyte subset but may result from the context in which the cell is activated, particularly from the level of its interaction (connectivity)' with other lymphocytes. Thus, a distinctive feature of internally activated B and T cells in normal mice appears to be a high degree of idiotypic connectivity involving B cells plus antibodies and T-cell receptors (35, 36) . This functional idiotypic network is established early in life (37) (38) (39) , maintained by continuous mutual selection (40) and positively selecting autoreactive clones, particularly those producing autoantibodies (41, 42) , as in transplantation tolerance (43) . We can then consider that neonatally induced transplantation tolerance is established by the complementation of host and donor functional networks and maintained by self-referential lymphoid activity. The arising immune system ofthe neonate exposed to the established self-defining network -of the donor (reflecting the donor genotype and determined primarily, but not exclusively, by its MHC, immunoglobulin, and T-cell receptor genes) will include in its repertoire specificities and interactions that would not be selected for on the basis of its own self. For the resulting unique functional network of the tolerant animal, self includes donor and recipient, through interactions involving multiple connected specificities, where the alloreactive repertoire to host and donor MHC antigens might even be a minority among all the anti-self specificities. Emergent properties of this immune network, and not specific clonal characteristics, may determine the global behaviors described as tolerance or immunity. Obviously, an (a x b)Fj mouse does not show the hyperactivated characteristics of the tolerant animal. Thus, normal induction of self-tolerance must use at least some pathways that are different from the induced tolerance studied here. It would be interesting to induce neonatal tolerance with tissues (fetal liver or Tcell-depleted bone marrow), where no obvious mature network can preexist, to gain additional information on the behavior of the immune system in the establishment of tolerance.
The study of dispersed (nonclonal) properties of an organized system is confronted with obvious difficulties. However, the results presented here may suggest other pathways of thought and provide methods of control of transplantation reactions that have thus far not been indicated by clonal (deletion or suppression) models. 
